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a b s t r a c t 

As typical chemical indicators of the Anthropocene, polycyclic aromatic hydrocarbons (PAHs) and their 

environmental behavior in urban estuaries can reveal the influence of anthropogenic activities on coastal 

zones worldwide. In contrast to conventional approaches based on concentration datasets, we provide 

a compound-specific radiocarbon ( 14 C) perspective to quantitatively evaluate the sources and land–sea 

transport of PAHs in an estuarine–coastal surficial sedimentary system impacted by anthropogenic ac- 

tivities and coastal currents. Compound-specific 14 C of PAHs and their 14 C end-member mixing models 

showed that 67 −73% of fluoranthene and pyrene and 76 −80% of five- and six-ring PAHs in the Jiulong 

River Estuary (JRE, China) originated from fossil fuels (e.g., coal, oil spill, and petroleum-related emis- 

sions). In the adjacent Western Taiwan Strait (WTS), the contributions of fossil fuel to these PAH groups 

were higher at 74 −79% and 84 −87%, respectively. Furthermore, as a significant biomarker for source al- 

location of terrigenous organic matter, perylene, a typical five-ring PAH, and its land–sea transport from 

the basin through the JRE and finally to the WTS was quantitatively evaluated based on the 14 C transport 

models. In the JRE, fluvial erosions and anthropogenic emissions affected the 14 C signature of perylene 

( �14 C perylene , -535 ± 5 ‰ ) with contributions of > 38% and < 62%, respectively. From the JRE to the WTS, 

the decreased �14 C perylene (-735 ± 4 ‰ ) could be attributed to the long–range transport of “ocean current- 

driven” perylene (-919 ± 53 ‰ ) with a contribution of 53 ± 8%. This compound-specific 14 C approach and 

PAH transport model help provide a valuable reference for accurately quantifying land–sea transport and 

burial of organic pollutants in estuarine–coastal sedimentary systems. 

© 2021 Elsevier Ltd. All rights reserved. 
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Abbreviations: CSRA, compound-specific radiocarbon analysis; PAHs, polycyclic 

romatic hydrocarbons; 14 C, radiocarbon; JRE, Jiulong River Estuary; WTS, Western 

aiwan Strait; XM, Xiamen City; ZZ, Zhangzhou; JR, Jiulong River; TS, Taiwan Strait; 

CS, East China Sea; SCS, South China Sea; MZCC, Min–Zhe Coastal Current; GC–

S, gas chromatography–mass spectrometry; TOC, total organic carbon; dw, dry 

eight; GC–FID, gas chromatography–flame ionization detector; PCGC, preparative 

apillary gas chromatography; PFC, preparative fraction collector; NOSAMS, National 

cean Sciences Accelerator Mass Spectrometry; WHOI, Woods Hole Oceanographic 

nstitute; AMS, accelerator mass spectrometry; MDLs, method detection limits; Ace, 

cenaphthylene; Acen, acenaphthene; Flu, fluorene; Phen, phenanthrene; An, an- 

hracene; Fluo, fluoranthene; Py, pyrene; BaA, benzo(a)anthracene; Chry, chrysene; 

bF, benzo(b)fluoranthene; BjF, benzo(j)fluoranthene; BkF, benzo(k)fluoranthene; 

aP, benzo(a)pyrene; IP, indeno(1,2,3-c,d)pyrene; DBA, dibenzo(a,h)anthracene; BgP, 

enzo(g,h,i)perylene; Per, perylene. 
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. Introduction 

Anthropogenic activities have released large quantities of poly- 

yclic aromatic hydrocarbons (PAHs) into the global environment 

 Tobiszewski and Namie ́snik 2012 ), causing PAHs to be widely 

istributed in terrestrial ecosystems ( Gregg, Prahl and Simoneit, 

015 ; Inomata et al., 2012 ). Therefore, PAHs are chemical signa- 

ures that can be used to mark the onset of the Anthropocene in 

n estuary ( Bigus, Tobiszewski and Namie ́snik, 2014 ; Leorri et al., 

014 ; Martins et al., 2011 ; Vane et al., 2011) . Estuarine and coa stal

ediments are usually regarded as “sinks” for terrigenous PAHs, 

here they become preserved ( Bianchi, Allison and Cai, 2013 ; 

ontenelle et al., 2019 ; Liu et al., 2021 ; Sutilli et al., 2019 ). The con-

entrations, composition profiles, and diagnostic ratios of sedimen- 

ary PAHs and their geographical variations in estuarine–coastal 

ystems are usually examined based on the concentration moni- 

oring approach. This can provide the first insight into their ori- 

ins, land–sea transport, and relative impacts of fluvial transport 

https://doi.org/10.1016/j.watres.2021.117134
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2021.117134&domain=pdf
mailto:xhwang@xmu.edu.cn
https://doi.org/10.1016/j.watres.2021.117134
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 Wang et al., 2015 ; Wu et al., 2019a ). However, the geochemi-

al signals based on PAH concentration datasets can be modified 

uring weathering processes in the environment due to selective 

osses in chemical/biological reactions, and thereby causing am- 

iguous PAH source results ( Katsoyiannis, Sweetman and Jones, 

011 ; Ya et al., 2020 ; Zhang et al., 2005 ). 

Radiocarbon ( 14 C, t 1/ 2 = 5730 ys) data, based on compound- 

pecific radiocarbon analysis (CSRA), can characterize the sources 

nd transport of ambient PAHs independent of their history re- 

arding degradation conditions ( Ingalls and Pearson 2005 ; Ya et al., 

018 ). In the past twenty years, an increasing amount of re- 

earch has been devoted to exploring the source information in 

he 14 C signatures of PAHs ( Bosch et al., 2015 ; Kumata et al., 2006 ;

heesley et al., 2009 ; Tang et al., 2020 ; Zencak et al., 2007 ). Ex-

anding the application of the 14 C signature as an indicator can 

rovide an important reference for clarifying the transport and fate 

f organic pollutants at the land–sea interface. 

In addition, CSRA can also provide information based on 

olecular-level 14 C analysis to further complement or validate 

he “traditional” use of the biomarkers as biogeochemical tracers 

 Eglinton et al., 1997 ). Perylene; a typical five-ring PAH; could po- 

entially be used for source allocation of terrigenous organic mat- 

er in aquatic sediments ( Hanke et al., 2019 ; Jiang et al., 20 0 0 ;

hang et al., 2014 ). Its origin shows a markedly different histor- 

cal record from anthropogenic and natural PAHs, resulting in a 

ongstanding debate in geochemical research and pollutant foren- 

ics ( Bertrand et al., 2013 ; Grice et al., 2009 ; Hanke et al., 2019 ;

iang et al., 20 0 0 ; Marynowski et al., 2013 ; Varnosfaderany et al.,

014 ; Venkatesan 1988 ; Zhang et al., 2014 ). First, in contrast to

ther unsubstituted PAHs, combustion only produces trace or small 

mounts of perylene because of its extreme thermodynamic in- 

tability and higher reactivity ( Bakhtiari et al., 2009 ; Grice et al., 

009 ; Jenkins et al., 1996 ). Second, perylene has been identified 

s a diagenetic product of wood-derived fungi (i.e., “terrigenous”

roduction) in forest soils through isotopic tracing ( Hanke et al., 

019 ; Silliman et al., 20 0 0 ). Third, in marine sediments, perylene

an be generated by microbially mediated in situ diageneses of or- 

anic carbon (Suzuki et al., 2010; Venkatesan 1988 ). Finally, fossil 

uels (e.g., coal and crude oils) are also one of the sources of pery-

ene in sediment ( Grice et al., 2009 ; Jiang et al., 20 0 0 ). 

Although the sources of perylene have largely been clari- 

ed, the quantitative land–sea transport processes of perylene 

s a typical terrestrial biomarker have not been further studied. 

ased on the above-mentioned generation processes of perylene, 

 combination of soil and fluvial erosion ( Hanke et al., 2019 ; 

arnosfaderany et al., 2014 ), microbially mediated in situ diage- 

eses ( Suzuki, Yessalina and Kikuchi, 2010 ; Venkatesan 1988 ), and 

nthropogenic inputs (in particular, oil and coal spills in coastal 

ities and harbors) ( Grice et al., 2009 ; Jiang et al., 20 0 0 ) are

he predominant sources of perylene in estuarine–coastal systems 

nd collectively regulate the input, mixing, and burial of pery- 

ene. Therefore, considering the geochemical significance of pery- 

ene in the connectivity between terrestrial and marine ecosystems 

 Hanke et al., 2019 ), the compound-specific 14 C of perylene and 

he 14 C end-member mixing model can provide critical information 

or quantitatively evaluating the origins and land–sea transport of 

erylene from terrestrial systems through estuaries and to adjacent 

oasts. 

The iulong river estuary (JRE) and adjacent western aiwan strait 

WTS) is a representative subtropical estuarine–coastal system that 

s heavily impacted by anthropogenic activities and the East Asian 

onsoon ( Wu et al., 2016 ; 2019a ). Therefore, it can be used as a

natural laboratory” for studying the land–sea transport of pery- 

ene and other PAHs based on the expanded application of CSRA. In 

his study, we examined the concentrations, profiles, and 14 C con- 

ents of sedimentary PAHs as potential biogeochemical tracers to 
2 
uantitatively reveal the influence of land–sea interactions. First, 

e assessed the impact of the land–sea interactions on the spa- 

ial heterogeneity of sedimentary PAHs. Second, as well as aiding 

n the source appointment of PAHs, the spatial 14 C variations of 

AHs were used to track additional geochemical information such 

s the transport and fate of sedimentary PAHs. The compound- 

pecific 14 C approach can help further clarify the environmental 

mplication of PAH isotopes. Finally, based on the 14 C of perylene, 

e built a 14 C end-member mixing model to quantitatively evalu- 

te the land–sea transport of perylene. Overall, this study provides 

 quantitative description of the origin and transport of perylene 

nd other PAHs in an estuarine–coastal sedimentary system. 

. Materials and methods 

.1. Sediment sampling 

Surface sediments from the JRE and WTS were collected on- 

oard R/V Haiyang 2 in May 2015, and R/V Yanping 2 in June 2015, 

espectively. The sampling sites were divided into four regions: up- 

tream JRE (JRE-U, A1 to A8, n = 6), downstream JRE (JRE-D, JY0- 

Y3, n = 4), WTS coast just north of the JRE (WTS-N, XA0-X5 ×01, 

02, n = 7), and WTS coast just south of the JRE (WTS-S, X50-X73, 

 = 8) ( Fig. 1 ). The top ~5 cm of sediment was collected at each

ampling site using a stainless-steel grab sampler and then placed 

n pre-baked aluminum containers, sealed, and frozen at −20 °C 
ntil further analysis. 

.2. PAH concentration analysis 

The pretreatment procedures for sedimentary PAHs have been 

escribed in detail in our previous paper ( Cai et al., 2016 ). Briefly,

he sediment samples were freeze-dried and then strained through 

n 80-mesh sieve. After adding excessive activated copper powder, 

0 g of sediment was spiked with five deuterated PAH surrogates 

nd then ultrasonically extracted using n- hexane/acetone (1:1, v/v) 

hree times. After rotary evaporation, the concentrated extract was 

urified using pretreated alumina/silica gel chromatography (Text 

1 of Supporting Information, SI). Finally, the eluate was evapo- 

ated to 100 μL under a gentle stream of N 2 gas (99.99% purity) 

nd stored at −20 °C prior to instrumental analysis. PAHs were an- 

lyzed by gas chromatography–mass spectrometry (GC–MS) using 

n Agilent 6890 Series GC and an Agilent 5973 MS. Detailed in- 

trumental conditions have been described in our previous papers 

SI Text S1) ( Ya et al., 2017a , 2017b ). The targeted compounds in-

luded 15 priority PAHs designated by the US EPA (without naph- 

halene) and perylene ( m/z = 252). Their abbreviations are listed 

n Table S1. Sedimentary total organic carbon (TOC) concentrations 

ere analyzed using a Vario EL-III Elemental Analyzer; the pro- 

edures are described in detail in our previous paper ( Wu et al., 

019b ). The reported PAH and TOC concentrations were based on 

ry weight (dw). 

.3. Bulk sample preparation for 14 C analysis 

To satisfy the carbon content required for �14 C measurements 

f PAHs, we combined equivalent amounts of sifted sediments 

rom all the JRE stations (680 g total, sites A1 to A8 and JY0- 

Y3) and equivalent amounts of sediments from all the WTS sta- 

ions (620 g total, sites XA0-X5 ×01, X02, and X50-X73) into two 

ulk samples (named JRE and WTS). The pretreatment flow dia- 

ram for the �14 C measurements of the targeted PAHs in the sed- 

ments is shown in Fig. S1. Sediment samples were freeze-dried 

nd strained through an 80-mesh sieve. After adding excessive ac- 

ivated copper powder, the sediments were ultrasonically extracted 

ith dichloromethane/methanol (9:1, v/v) three times. The extracts 
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Fig. 1. Sampling regions and stations in (a) the Jiulong River Estuary (JRE) and (b) the Western Taiwan Strait (WTS). Xiamen City (XM); Zhangzhou City (ZZ), Jiulong River 

(JR); Taiwan Strait (TS); East China Sea (ECS); South China Sea (SCS); Min −Zhe Coastal Current (MZCC). 
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ere combined, evaporated to 10 mL, and then saponified with 

0 mL of a 0.5 mol L −1 KOH solution in methanol/water (4:1, v/v) 

or 2 h at 80 °C. The neutral fraction containing PAHs was extracted 

ith n -hexane three times, and was evaporated to ~1 mL be- 

ore being chromatographically separated in a glass column packed 

ith activated silica gel (activated at 500 °C for 4 h and deacti- 
ated with 5% water). The elution solvents were n- hexane and n - 

exane/dichloromethane (1:1, v/v). The n -hexane/dichloromethane 

hase containing PAHs was evaporated to ~1 mL, cleaned by 

artitioning with n -pentane/dimethylformamide, dried with anhy- 

rous sodium sulfate ( Mandalakis, Zebühr and Gustafsson, 2004b ; 

a et al., 2018 ), and reduced to ~0.5 mL with a gentle stream

f N 2 . Chromatograms of the gas chromatography–flame ion- 

zation detector (GC–FID) before and after purification by n - 

entane/dimethylformamide are shown in Fig. S2. 

After chemical purification, preparative capillary gas chro- 

atography (PCGC) was used to isolate and prepare the targeted 

AHs for CSRA. We presented the details of the PCGC procedure 

n a previous paper (Text S2) ( Ya et al., 2018 ). In this study, tar-

eted PAHs were initially separated using an Agilent J&W HP-5 ms 

olumn (60 m length; 0.53 mm i.d.; film thickness, 0.25 μm) 

nd collected using a preparative fraction collector (PFC). The 

nitially prepared PAHs were combined and subjected to a sec- 

nd separation step using an Agilent J&W DB-17 ms polar col- 

mn (30 m length; 0.32 mm i.d.; film thickness, 0.25 μm) and 

ere again collected by the PFC. After being trapped, the tar- 

eted PAHs were transferred to 4 mL vials after rinsing with n - 

entane four times. Finally, the samples were passed through a sil- 

ca gel column to remove the column bleed. A small aliquot was 

aken from each trap to check the purity of the targeted PAHs 

sing a GC–FID equipped with a high-resolution Agilent J&W VF- 

 ms column (25 m length; 0.2 mm i.d.; film thickness, 0.33 μm). 

imited by the sample size of the individual PAHs, we utilized 

he sum of phenanthrene and anthracene (Phen + An), fluoran- 

hene and pyrene (Fluo + Py), five- and six-ring PAHs (includ- 

ng benzo( b + j + k )fluoranthene, benzo( a )pyrene, indeno(1,2,3- 

,d )pyrene, dibenz( a,h )anthracene, and benzo( g,h,i )perylene), and 

erylene (Per) as the four targeted PAH groups for 14 C analysis. 

he final chromatograms of the targeted PAHs from the JRE and 

TS are shown in Fig. S3. 

�14 C analysis of TOC in the surface sediments of the JRE and 

TS was also performed at the national ocean sciences accelerator 

ass spectrometry (NOSAMS) facility of woods hole oceanographic 

nstitute (WHOI). The following “offline combustion” and graphite 

reparation processes for �14 C measurement were conducted at 
t

3 
he NOSAMS facility at WHOI ( Pearson et al., 1997 ). Briefly, after 

atalytic oxidation of the targeted PAHs and TOC, the generated 

O 2 was purified and quantified in the vacuum glass line and re- 

uced to graphite. Finally, �14 C was measured by accelerator mass 

pectrometry (AMS) at the NOSAMS facility ( Pearson et al., 1997 ). 

he detailed procedures have been presented in Shah and Pear- 

on (2007) and Xu et al. (2012) . The reported �14 C values, based 

n the sampling year, were compared to the NBS oxalic acid I 

NIST SRM 4990) standard after normalizing the radiocarbon con- 

ent of a sample to the same δ13 C value ( −25 ‰ ) and year (1950)

 Stuiver and Polach 1977 ). 

.4. Quality assurance and control 

The analytical procedures were carefully performed to ensure 

uality control. Six laboratory blanks were measured to monitor 

otential contamination during sample handling in the laboratory. 

he PAH concentrations in the lab blank samples were ~2 orders 

f magnitude lower than those in the samples (based on a sample 

eight of 10 g dw, see Table S2), indicating that the background 

AHs from the laboratory could be largely ignored. Deuterated sur- 

ogate standards were used to correct for losses that occurred dur- 

ng the pretreatment procedures. PAH recoveries ranged from 60–

20%, with a mean of 97 ± 19% (Table S2). The method detec- 

ion limits (MDLs) were calculated as the mean plus three times 

he standard deviation of the lab blanks ( Rauert et al., 2020 ). If

n analyte was not detected in the blanks, the concentration of a 

eak with a signal-to-noise ratio of 10:1 was inserted for MDLs 

 Rauert et al., 2020 ). The MDLs of PAHs ranged from 0.01–1.04 ng 

 
−1 dw, with a mean of 0.27 ± 0.32 ng g −1 dw (Table S2). 

For the 14 C analysis of bulk samples, PAH and external car- 

on contamination was avoided throughout the entire process. 

ll glassware, aluminum foil, and anhydrous sodium sulfate were 

aked at 500 °C for 4 h prior to use. Detailed quality assurance 
rocedures are described in our previous paper ( Ya et al., 2018 ). 

riefly, the concentration of PAHs in process blanks of extraction 

nd purification procedures was ~2 orders of magnitude lower 

han that of field samples (Table S2). During the PCGC process, de- 

iations in retention times were strictly controlled to avoid the in- 

roduction of impure components and isotope fractionation of the 

argeted PAHs ( Xu et al., 2012 ; Ya et al., 2018 ). We employed col-

mn bleed removal steps to avoid additional carbon contamination 

rom the stationary phase. The solvent ( n -pentene) used in the col- 

mn bleed removal step was blown to dryness in a baked quartz 

ube. Finally, the estimated purities of the isolated PAHs based on 
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Fig. 2. (a) Contour map of the distribution of total polycyclic aromatic hydrocarbon (PAH) concentrations ( �15 PAHs, ng g 
−1 dw) in the Jiulong River Estuary (JRE) and 

Western Taiwan Strait (WTS); (b) heat map showing the concentration variations of 15 PAHs (ng g −1 dw) from the JRE to the WTS. 
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he chromatogram (as determined by GC–FID) ranged from 90–

00% (Table S3). Overall, the quality assurance measures satisfied 

he small sample ( < 2 μmol) 14 C test requirements of the NOSAMS 

acility at WHOI ( Pearson et al., 1997 ). For reference, we report the

arbon impurity-corrected �14 C results based on the assumption 

hat all impurities were derived from fossil or modern carbon. De- 

ailed procedures and results are given in SI Text S3 and Table S3, 

espectively. The statistical analysis method is introduced in SI Text 

4. 

. Results and discussion 

.1. Spatial heterogeneity of sedimentary PAHs 

The total concentrations of the 15 US EPA-designated prior- 

ty PAHs in surface sediments of the JRE and WTS ranged from 

4–452 (126 ± 116) ng g −1 dw, with a median concentration 

f 75 ng g −1 dw ( Fig. 2 and Table S4). Fluo (ranging from 1.8–

6 ng g −1 dw with median and mean concentrations of 18 and 

8 ± 26 ng g −1 dw, respectively), Py (range = 1.5–101, me- 

ian = 12, mean = 26 ± 28 ng g −1 dw), followed by Phen 

range = 5.3–50, median = 12, mean = 16 ± 12 ng g −1 dw) 

ere present in the highest relative abundances, with mean per- 

ent contributions to the total PAHs of 22 ± 3.6%, 18 ± 4.7%, and 

6 ± 6.9%, respectively (Table S4 and Fig. S4). 

The amounts of these three PAHs in the JRE–WTS sedimen- 

ary system were higher than those in the continental shelf sed- 

ments of China (Fluo: 8.0; Py: 6.4; Phen: 11 ng g −1 dw) ( Liu et al.,

012 ) and the Amazon coastal zone (Fluo: 3.7; Py: 4.1; Phen: 

.9 ng g −1 dw) ( Pichler et al., 2021 ); close to the levels found

n the Mediterranean lagoon in the Northern Adriatic Sea, Italy 

Fluo: 59; Py: 33; Phen: 21 ng g −1 dw) ( Acquavita et al., 2014 ),

he estuarine sediments over China (Fluo: 25; Py: 14; Phen: 40 ng 

 
−1 dw in dry season; Fluo: 15; Py: 6; Phen: 19 ng g −1 dw

n wet season) ( Li et al., 2021 ), and the Knysna Estuary, South

frica (Fluo: 39; Py: 32; Phen: 35 ng g −1 dw) ( Liu et al., 2021 );

nd lower than those found in the Lenga estuary, central Chile, 

nd the South Pacific (Fluo: 356; Py: 342; Phen: 142 ng g −1 dw) 

 Pozo et al., 2011 ). In total, sedimentary PAHs in the JRE and

TS were at relatively low or moderate levels compared with 
4 
ther estuarine and coastal regions worldwide ( Acquavita et al., 

014 ; Li et al., 2021 ; Liu et al., 2012 , 2021 ); Pichler et al., 2021 ;

ozo et al., 2011 ). Compared with two decades ago, PAH concen- 

rations in the JRE have gradually decreased and their composi- 

ion has dramatically changed ( Maskaoui et al., 2002 ; Zhang et al., 

0 0 0 ), which partly reflects changes in energy efficiency, fre- 

uent utilization of cleaning technologies, and emission controls 

 Lu et al., 2019 ). 

As a typical class of environmental tracers, the spatial hetero- 

eneity of surface sedimentary PAHs can provide an insight into 

he short-term influence of the river on the estuary and coast. In 

he JRE–WTS system, PAH concentrations decreased by several to 

en times from the estuary to the coastal areas ( Fig. 2 and Table

4), as reported in the western South Atlantic upper continental 

argin ( Santos et al., 2020 ). Both total and individual PAH concen- 

rations (especially the predominant Fluo, Py, and Phen) showed 

ignificant negative correlations with the offshore distance (km) 

rom the JRE towards the WTS ( p < 0.01, Spearman’s rank) (Ta- 

le S5). PAHs also showed a significant positive correlation with 

OC concentrations (Table S4) in JRE-WTS sedimentary system ( p 

 0.01, Spearman’s rank). This revealed that fluvial transport by 

ydrodynamic forces was one of the crucial driving forces of sed- 

mentary PAH distribution, along with surface runoff ( Lin et al., 

013 ; Ya et al., 2018 ). During transport into the estuary and sea, 

AHs are dispersed, degraded, and finally buried in the estuarine–

oastal sedimentary system ( Liu et al., 2012 ; Wang et al., 2015 ).

n contrast to decreased concentrations, the percentages of PAH 

pecies were relatively constant from upstream to downstream 

eaches, and finally to WTS-S, with differences seen at WTS-N 

Fig. S4). The decreasing concentration and constant composition 

an partly reflect the stronger influence of JRE-diluted water on 

he southern coast of the WTS than on the northern coast over 

he past decade (the time scale can be calculated by the sampling 

epth of ~5 cm and a mean linear sedimentation rate of > 0.4 cm 

ear −1 ; Huh et al., 2011 ). 

Besides the JRE, long-range alongshore transport of river- 

erived materials from the Yangtze River and other coastal rivers 

such as the Qiantang, Ou, and Min Rivers) driven by the Min–Zhe 

oastal current (MZCC) ( Hu et al., 2014 ) could be another signifi- 

ant factor affecting the spatial heterogeneity of sedimentary PAHs 
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Fig. 3. �14 C values ( ‰ ) of targeted polycyclic aromatic hydrocarbons (PAHs) deter- 

mined by compound-specific radiocarbon analysis (CSRA) in surface sediments and 

the corresponding fractional contributions (%) from biomass burning from the Jiu- 

long River Estuary (JRE) and Western Taiwan Strait (WTS). Columns represent mea- 

sured �14 C values and red lines represent �14 C ranges of PAHs after correcting for 

carbon impurities (SI Text S3 and Table S3). Molecular Weight (MW); Total organic 

carbon (TOC). 
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n coastal WTS ( Lin et al., 2013 ; Ya et al., 2018 ). Previous studies

ave revealed that the MZCC can substantially affect the balance of 

lack carbon and PAH budgets of the coastal WTS ( Li et al., 2016 ;

u et al., 2019b ). Overall, the spatial heterogeneity of both PAH 

oncentrations and compositions can reflect regional differences 

n the intensity of land–sea interactions of terrigenous PAHs and 

lso be used as auxiliary evidence from the perspective of sedi- 

entary PAHs for determining regional short-term average depo- 

ition characteristics of the river plume discharging into the WTS 

 Wang, Zheng and Hu, 2013 ). 

.2. Sources and transport of PAHs determined by their 14 C signatures 

The 14 C signatures of individual PAHs were measured to iden- 

ify their sources and transport from the estuary to adjacent coasts. 

ased on the available carbon masses of the compounds (Table 

3), �14 C measurements were performed on four groups of com- 

ined PAHs (Phen + An, Fluo + Py, Perylene, five- + six-ring 

AHs). The total amounts of carbon in the corresponding PAH sam- 

les available for �14 C analysis ranged from 2.1 − 6.0 μmol C, 

nd the purities of the isolated PAH groups ranged from 90 −100% 

Table S3). Overall, the measured �14 C values of Phen + An 

 �14 C Phen&An ) were -670 ± 5 ‰ and -418 ± 5 ‰ ; Fluo + Py

 �14 C Fluo&Py ) were -679 ± 5 ‰ and -745 ± 5 ‰ ; and five- + six-

ing PAHs ( �14 C 5 + 6 rings ) were -778 ± 3 ‰ and -849 ± 3 ‰ , in the

RE and WTS, respectively ( Fig. 3 and Table S3). As a reference, the 

arbon impurity-corrected �14 C results are also listed in Table S3 

nd shown in Fig. 3 . 

The global comparison of 14 C signatures of PAHs in sediment 

an reflect the source differences of buried PAHs derived from 

he surrounding anthropogenic activities ( Ya et al., 2020 ). The 
4 C signatures of the targeted PAHs in the surface sediments of 

he JRE–WTS system are comparable to those in sediment cores 

rom Siskiwit Lake located on Isle Royale, Michigan ( −783 ‰ to 

388 ‰ ) ( Slater et al., 2013 ) and in surface sediments from the wa-

erways of the Stockholm metropolitan area ( −934 ‰ to −585 ‰ ) 

 Mandalakis et al., 2004a ). These values are much higher than 

hose reported in sediment cores from the Peace–Athabasca Delta, 

n the vicinity of the rapidly developing oil sand industry in North- 

rn Alberta, Canada ( −962 ‰ to −849 ‰ ) ( Jautzy et al., 2015 ),

nd those from an urban reservoir located in the central Tokyo 

etropolitan area, Japan ( −934 ‰ to −824 ‰ ) ( Kanke et al., 2004 ). 

Moreover, the 14 C signatures of TOC (i.e., �14 C TOC ) were −218 ‰ 

nd −329 ‰ in the JRE and WTS, respectively ( Fig. 3 and Table S3),

hich are comparable to those in the adjacent areas reported by 

ao et al. (2016) . These �14 C values were also much higher 
TOC 

5 
han the targeted PAHs in the JRE and WTS ( Fig. 3 ). This is not

urprising, as a higher proportion of “modern carbon” components 

as expected in the TOC pool, such as inputs from terrestrial 

igher plants ( Li et al., 2017 ). 

Furthermore, we estimated the fractional contributions of PAHs 

rom biomass burning (C3 and C4 plants, f biomass ) and fossil fu- 

ls (coal combustion and petroleum-related emissions, f fossil = 1 - 

 biomass ) using a 
14 C end-member mixing model of PAHs expressed 

s �14 C PAH = �14 C biomass × f biomass + �14 C fossil × (1 - f biomass ) 

 Jautzy et al., 2015 ; Tang et al., 2020 ; Xu et al., 2012 ; Ya et al.,

018 ). The �14 C value of the fossil fuel end-member ( �14 C fossil ) 

as −10 0 0 ‰ ( Xu et al., 2012 ). There were at least two compo-

ents of the biomass burning signature (i.e., �14 C biomass ). One was 

he wood-burning of perennial trees with a �14 C value of 225 ‰ 

hat grew over the past 30 −50 years in an atmosphere with el- 

vated 14 C contents ( Mandalakis et al., 2005 ; Zencak et al., 2007 ).

he second was from the burning of materials produced during the 

urrent year, such as leaves and annual grass, i.e., �14 C of contem- 

orary CO 2 , which had a mean value of −8.7 ‰ around Xiamen City 

n 2014—as reported by Niu et al. (2016) . These two components 

epresent the maximum and minimum values of the modern end- 

ember in the environment, respectively. In this study, we used 

hese end-members to estimate the ranges of fractional contribu- 

ions of PAHs from biomass burning and fossil fuels in the JRE and 

TS (Table S3). 

According to the 14 C end-member mixing model, the calcu- 

ated fractional contributions from biomass burning of Phen + An, 

luo + Py, and five- + six-ring PAHs were 29 −35%, 27 −33%, 

nd 20 −24%, respectively, in the JRE and 49 −60%, 21 −26%, and 

3 −16%, respectively, in the WTS ( Fig. 3 and Table S3). This is 

loser to the contribution rate of biomass sources (23%) to sed- 

mentary black carbon in the East China Sea ( Wang, 2020 ). Cor- 

espondingly, fossil fuel sources (f fossil = 1 −f biomass ) contributed 

5 −71% of Phen + An, 67 −73% of Fluo + Py, and 76 −80% of five-

 six-ring PAHs in the JRE, and 40 −51%, 74 −79% and 84 −87%, 

espectively, in the WTS. Due to the high contemporary anthro- 

ogenic activity-derived emissions from surrounding cities and 

arbors (e.g., industry, shipping, traffic, and oil spills), anthro- 

ogenic fossil fuel-derived PAHs (including direct input and com- 

ustion processes of oil and coal) are the predominant contributor 

o PAHs in the JRE and WTS ( Ya et al., 2018 ). 

Interestingly, the contributions of fossil fuels to PAHs in sedi- 

ents were lower than the contributions of fossil fuels to PAHs 

n the adjacent surface seawater ( > 89%) reported in our previ- 

us work ( Ya et al., 2018 ). In this study, surface sediments (top

 cm) reflected the burial of PAHs over the past decade ( Huh et al.,

011 ), whereas the surrounding surface seawater only represented 

he transitory PAH sources during the sampling period in our pre- 

ious study. Therefore, the discrepancy in the proportion of fos- 

il fuel-derived PAHs between sediment and surface seawater indi- 

ectly reflects the gradual increase in fossil fuel consumption along 

ith rapid urbanization ( Chen, Teng and Wang, 2012 ; Zhang and 

in 2012 ). 

At the molecular level, �14 C values showed a decreasing trend 

ith increasing PAH molecular weight (Phen + An > Fluo + Py 

 five- + six-ring PAHs) in both the JRE and WTS ( Fig. 3 ). This

eflects a decrease in biomass-sourced PAHs or an increase of 

ossil fuel-derived PAHs (e.g., coal and petroleum-related emis- 

ions) as the molecular weight increases. Spatially, �14 C Fluo&Py and 
14 C 5 + 6 rings values decreased during transport from the JRE to the 

TS, which was consistent with the decreasing �14 C values of 

OC from −218 ‰ to −329 ‰ ( Fig. 3 ). Because of the high sedimen-

ation rate (~0.4 cm year −1 ) ( Huh et al., 2011 ), the lower �14 C val-

es of PAHs in the surface sediments of the WTS could not have 

een caused by in situ 14 C decay during long-term burial. There- 
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Fig. 4. (a) Spatial variations in concentrations (ng g −1 dw) and �14 C values ( ‰ ) 

of sedimentary perylene with offshore distance (km); (b) contour map of perylene 

(Per) concentrations (ng g −1 dw); and (c) land–sea transport model basing on 14 C 

end-member mixing model of perylene from the Jiulong (JR) basin, through the Jiu- 

long River Estuary (JRE), and finally to the Western Taiwan Strait (WTS). a fractional 

contributions of “terrigenous” and “anthropogenic” perylene (two ends) were calcu- 

lated by the 14 C mixing model of perylene in the JRE ( see equations (2), (3) and (4) 

in SI Text S5); b fractional contributions of perylene from the JRE and the Min–Zhe 

Coastal Current (MZCC) (two ends) were calculated by the 14 C mixing model of to- 

tal organic carbon (TOC) in the WTS ( see equations (5) and (6) in SI Text S5); and 
c �14 C values of perylene from the MZCC were calculated by the 14 C mixing model 

of perylene in the WTS ( see equation (7) in SI Text S5). 
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ore, we deduce that the lower 14 C contents of PAHs and TOC along 

he coast compared to the estuary can be attributed to a combi- 

ation of three factors: (1) dilution/weakening of estuarine inputs 

 Wu et al., 2019a ), (2) atmospheric contribution ( Fang et al., 2016 ;

u et al., 2019b ; Yu et al., 2018 ), and (3) ocean current-driven

nputs ( Wu et al., 2013 ; Ya et al., 2017a , 2018 ). Undoubtedly, the

ecreasing PAH concentrations ( Fig. 2 ) reflect the continued de- 

reasing impact of the JRE-diluted water on the WTS. In addition, 

he high contribution of atmospheric deposition to the burial of 

lack carbon in the WTS ( Wu et al., 2019b ) also reflects the non-

egligible impact on the co-migration of PAHs ( Fang et al., 2016 ). 

he fossil fuel-dominated aerosol inputs to China’s marginal seas 

 Yu et al., 2018 ) means that atmospheric deposition could input 

 small percentage of low 
14 C PAHs into the coastal environment 

 Ya et al., 2018 ). For ocean current-driven inputs, the long-range 

orizontal transport of coastal organic matter driven by the MZCC 

lso carries lower 14 C contents of PAHs ( Ya et al., 2018 ) and lower
4 C contents of TOC ( �14 C: -431 ± 29 ‰ in the inner shelf of the

ast China Sea; Wu et al., 2013 ). In contrast, the much lower 14 C

ontent of Phen + An in the JRE than in the WTS ( Fig. 3 ) may

e related to releases of petroleum and its degradation products 

rom Xiamen and Zhangzhou Harbors, which may contribute more 

ossil-Phen (a biomarker of petroleum residue; Fang et al., 2016 ). 

Conventionally, diagnostic ratios of PAHs have been widely 

sed to distinguish potential sources of PAHs in marine envi- 

onments ( Tobiszewski and Namie ́snik 2012 ; Wu et al., 2011 ;

unker et al., 2002 ). Because of the selective degradation of PAH 

somers during the transport of PAHs and final burials into the 

ediment ( Zhang et al., 2005 ), the degradation differences of the 

somers should be fully considered to identify the sources of PAHs 

 Ya et al., 2017b ). From the JRE to WTS, the decreased ratios of

n/(An + Phen) and BaA/(BaA + Chry) and the increased ratios of 

luo/(Fluo + Py) (Fig. S5) were in line with their degradation half- 

ife in the environment ( Lu et al., 2005 ). This reflected the contin-

ous degradation occurrence of PAHs from the estuary to coasts. 

owever, the decrease in the ratios of IP/(IP + BgP) contradicted 

he fact that IP has a longer half-life than BgP ( Tobiszewski and 

amie ́snik 2012 ). The unforeseen degradation degree of PAH iso- 

ers is one of the most important factors that cause the un- 

ertainty of the diagnostic ratios in source identification of PAHs 

 Ya et al., 2018 , 2020 ). However, the source identification of PAHs

y CSRA shows its effectiveness in avoiding the uncertainties of 

egradation factors ( Ya et al., 2020 ). Our previous study also em- 

hasized the significant advantages in the quantitative source ap- 

ortionment of PAHs compared with other approaches (e.g., diag- 

ostic ratios and receptor models) ( Ya et al., 2020 ). 

.3. Land–sea transport of sedimentary perylene: concentrations, 14 C 

ontents, and end-member mixing models 

As an important terrigenous biomarker ( Varnosfaderany et al., 

014 ), perylene and spatial variations in its concentration and 14 C 

ontent can reflect changes in terrigenous inputs from rivers to 

oasts ( Varnosfaderany et al., 2014 ; Ya et al., 2017b ). From the JRE

o the WTS, concentrations of sedimentary perylene gradually de- 

reased from 183 to 3.6 ng g −1 dw, with mean concentrations of 

25 ± 33, 86 ± 12, 52 ± 29, and 35 ± 28 ng g −1 dw in the JRE-U,

RE-D, WTS-S, and WTS-N, respectively ( Fig. 4 a, 4 b, and Table S4).

hese values are comparable to those of previous studies on the 

stuarine–inner shelf of the Yangtze estuarine area (4.2–186.4 ng 

 
−1 dw) and the East China Sea (7.4–141.1 ng g −1 dw, with a mean

f 86.3 ± 34.7 ng g −1 dw) ( Bouloubassi, Fillaux and Saliot, 2001 ; 

u et al., 2014 ). Furthermore, perylene concentrations were pro- 

ortional to the overall amount of terrigenous inputs and showed 

 significant decreasing trend with increasing distance from the 

RE to WTS ( r = −0.80, p < 0.01) ( Fig. 4 a). A negative relationship
6 
etween perylene levels and transport distances from the estuary 

o the coasts has also been found in previous studies ( Jiang et al.,

0 0 0 ; Ya et al., 2017b ). 

Perylene was a major PAH component in surface sediments 

rom both the JRE and WTS (Table S4). Compared with other un- 

ubstituted PAHs, the combustion process can only produce trace 

r small amounts of perylene owing to its thermodynamic insta- 

ility and higher reactivity ( Bakhtiari et al., 2009 ; Grice et al., 

009 ; Jenkins et al., 1996 ). Conventionally, when the percent- 

ge of perylene relative to total unsubstituted PAHs is > 4%, and 

hat relative to five-ring PAHs ( m/z = 252) is > 10%, the ori- 

in of perylene is usually thought to be biogenic or diagenetic 

 Varnosfaderany et al., 2014 ). In the JRE −WTS sedimentary system, 

erylene represented 20 −62% (with a mean of 39 ± 10%) of total 

nsubstituted PAHs and 70 −93% of five-ring PAHs (with a mean 

f 82 ± 6.0%) (Table S4). These diagnostic ratios, which are far 

bove the above-mentioned thresholds, reflect the predominance 

f biogenic or diagenetic perylene and its precursors, which most 

ikely originated from the following: (1) terrigenous inputs via sur- 

ace runoff ( Hanke et al., 2019 ; Varnosfaderany et al., 2014 ), (2) 

n situ diagenesis of organic carbon by microbial communities in 

he ocean ( Suzuki, Yessalina and Kikuchi, 2010 ; Venkatesan 1988 ), 

nd (3) petroleum from unintentional oil spills ( Grice et al., 2009 ; 

iang et al., 20 0 0 ). 

From the perspective of radiocarbon values, the measured 
14 C Per values decreased from -535 ± 5 ‰ to -735 ± 4 ‰ from 

he JRE to the WTS ( Fig. 4 a and Table S3). The carbon impurity-

orrected �14 C Per values ranged from −617 ‰ to −485 ‰ and 

791 ‰ to −720 ‰ in the JRE and WTS, respectively. The decreasing 
14 C Per and �

14 C 5 + 6 rings ( Fig. 3 ) accompanied by the decreasing 

oncentrations (Table S4) collectively indicated a decrease in the 

nput intensity of land-based PAHs or 14 C dilution by in situ pery- 

ene production. The 14 C contents of perylene in the JRE and WTS 
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ere higher than those in sediment cores from Northern Alberta, 

anada ( −873 ‰ ) ( Jautzy et al., 2015 ) and lower than those in sed-

ment cores from Siskiwit Lake on Isle Royale, Michigan ( −296 ‰ 

o −199 ‰ ) ( Slater et al., 2013 ). The regional differences in �14 C Per 
alues reflect the differences in the carbon age of its precursors, 

eneration conditions, and aging time. 

To further quantitatively evaluate the sources and land–sea 

ransport intensity of surficial sedimentary perylene from the Ji- 

long (JR) basin through the JRE and finally to the WTS, we built a 
4 C end-member mixing model of perylene in connection with ge- 

graphy and hydrodynamics ( Fig. 4 c). In the JRE, diagenetic prod- 

cts of soil-derived fungi carried by fluvial erosion from the JR 

asin were one of the predominant sources of sedimentary pery- 

ene ( Fig. 4 c). We defined this source (or end) as “terrigenous” and 

xpressed its 14 C content as �14 C terr . Fossil fuels (e.g., coal and 

rude oils) ( Grice et al., 2009 ; Jiang et al., 20 0 0 ) from cities (espe-

ially the harbors) were another predominant source of perylene in 

he JRE ( Fig. 4 c). We defined this as an “anthropogenic” source (or 

nd) caused by anthropogenic activities, and its 14 C content was 

xpressed as �14 C anth , i.e., �
14 C fossil . These two appointed ends, 

.e., “terrigenous” and “anthropogenic,” are also consistent with the 

iogenic or diagenetic indication deduced by the much higher ra- 

ios of perylene concentrations to total unsubstituted PAH and five- 

ing PAH concentrations mentioned above. 

Based on the above description, fractional contributions of 

he “terrigenous” (f anth ) and “anthropogenic” (f anth ) sources 

o sedimentary perylene in the JRE can be expressed as 

 terr = (1 + �14 C JRE-Per )/(1 + �14 C terr ) and f anth = 1 - f terr , re-

pectively (for the detailed calculation process, please see equa- 

ions (2), (3), and (4) in SI Text S5). According to this expres- 

ion, we can further deduce that the mean �14 C terr value of pery- 

ene from fluvial erosion of the JR basin is larger than the �14 C Per 
alue in the JRE, i.e., �14 C terr > �14 C JRE-Per = −535 ‰ ( Fig. 4 c), and

he corresponding 14 C ages is < 6087 yr. A previous study in a 

orest-covered stream in the Pettaquamscutt River basin, Rhode Is- 

and, also reported much lower �14 C Per values of −255 ‰ to −78 ‰ 

 Hanke et al., 2019 ). This pre-aged perylene also indicates a diage- 

etic product of wood-derived fungi in soils ( Grice et al., 2009 ). 

f we took the �14 C value of 225 ‰ for perennial trees that grew

ver the past 30–50 years as the upper line of the �14 C terr value 

 Mandalakis et al., 2005 ; Zencak et al., 2007 ), the ranges of f terr 
rom the JR basin should be > 38%, and the corresponding ranges 

f f anth should be < 62% ( Fig. 4 c). 

Estuarine input is an important source of perylene in offshore 

ediment ( Ya et al., 2017b ). Regarding the variation of the 14 C 

ignature of perylene from the JRE (-535 ± 5 ‰ ) to the WTS (- 

35 ± 4 ‰ ), in situ 14 C decay of post-depositional perylene in 

urface sediments is not possible on the short timescales of flu- 

ial transport ( Huh et al., 2011 ). There is evidence that long-range 

longshore transport of the MZCC plays an important role in con- 

eying pollutants to the coastal sediments of the WTS ( Hu et al., 

014 ; Liu et al., 2018 ; Wu et al., 2019b ), similar to the lateral

ovement of old sediments along the shelf judged by radioiso- 

opic tracers ( Santschi et al., 2001 ). Meanwhile, continued genera- 

ion of perylene during long-range transport also occurs by micro- 

ially mediated diagenesis from precursors ( Silliman et al., 20 0 0 ). 

herefore, a combination of long-range transport by the MZCC and 

ccompanying microbially mediated in situ diageneses of perylene, 

ollectively referred to as “ocean current-driven inputs,” was an- 

ther factor that affected the 14 C signature of perylene in the WTS. 

Based on the above discussion, “discharge from the JRE” and 

the ocean current-driven inputs” predominantly by the MZCC (de- 

ned as �14 C MZCC ), were the two predominant sources of sedi- 

entary perylene in the WTS, and can be defined as �14 C JRE-Per 
nd �14 C MZCC-Per , respectively. In addition, we found a signifi- 

ant positive correlation between the perylene and TOC concen- 
7 
rations ( r = 0.86, p < 0.01, Table S5). Many other studies have 

lso observed similar relationships between the concentrations of 

erylene and TOC, and their isotopic distributions ( Hanke et al., 

019 ; Itoh et al., 2012 ; Jiang et al., 20 0 0 ), which are generally at-

ributed to the co-migration characteristics of perylene and TOC in 

stuarine–coastal systems ( Fang et al., 2016 ; Hu et al., 2014 ). There-

ore, the JRE and MZCC are the two sources of surficial sedimentary 

OC and co-migration perylene in the WTS. 

The measured 14 C contents of TOC in the JRE ( �14 C JRE-TOC ) and 

TS ( �14 C WTS-TOC ) are shown in Fig. 3 and Table S3. The 14 C con-

ents of TOC in the surficial sediments of MZCC ( �14 C MZCC-TOC ) 

ere reported as -431 ± 29 ‰ ( Wu et al., 2013 ). Based on the 14 C

nd-member mixing model of TOC, the calculated fractional contri- 

utions of TOC and co-migration perylene from the JRE and MZCC 

defined as f JRE and f MZCC , f MZCC = 1 - f JRE ) to the WTS averaged

 JRE = 47 ± 8% and f MZCC = 53 ± 8%, respectively ( Fig. 4 c) (for the

etailed calculation process, please see equations (5) and (6) in SI 

ext S5). This fractional contribution of perylene and TOC from the 

ZCC (f MZCC = 53 ± 8%) was comparable to that of black carbon 

~52%) ( Wu et al., 2019b ), which is one of the most important car-

iers of PAHs ( Fang et al., 2016 ; Wu et al., 2019b ). This further sup-

orts the use of perylene as a potential tracer for organic matter 

n marine environments ( Zhang et al., 2014 ). 

Furthermore, according to the 14 C end-member mixing model 

f perylene in the WTS ( see equation (7) in SI Text S5), the 14 C

ontent of perylene in the MZCC ( �14 C MZCC-Per ) can be estimated 

s -919 ± 53 ‰ ( Fig. 4 c), and the corresponding 14 C ages should be

 20,0 0 0 yr. The mud belt system of the MZCC is dynamically af-

ected by the fluvial sources, of which the Yangtze River is the pri- 

ary source ( Liu et al., 2018 ). Therefore, the nearly 14 C-depleted 

erylene implies that sedimentary perylene from the MZCC un- 

erwent over ten thousand years of diagenesis before undergo- 

ng long-range transport to the WTS coast by inner shelf sediment 

ransport processes. Owing to the coupled transport of coastal 

urrent-driven perylene and particle organic matter, the carbon age 

f perylene provides important geochemical information to reflect 

he time scale of fine-grained particle movement from the Yangtze 

iver plume to the WTS driven by the south-westward MZCC. 

onclusions 

The expanded application of CSRA reveals the advantages of 

he molecular-level 14 C approach in source appointment, especially 

or indicating the land–sea transport of PAHs. It can not only ef- 

ectively avoid ambiguous PAH source results of the conventional 

ethods but can also expand the object of source appointment to 

 single sample, and even a single PAH species. Our results show 

hat fossil fuels (including direct input and combustion processes) 

ontributed > 65% of medium/high-molecular-weight PAHs in the 

RE and WTS sediment, and that the fractional contributions of fos- 

il fuel and biomass burning to PAH species were different. In ad- 

ition to the accurate source identification, the coherent variations 

f 14 C contents of PAH species and TOC from the JRE to WTS con- 

rm that the 14 C signature can be used as a biogeochemical tracer 

f the land–sea transport of PAHs in estuarine–coastal sedimentary 

ystems. In particular, for a significant biomarker in the source al- 

ocation of terrigenous organic matter (in this case perylene), the 
4 C end-member mixing model provides an effective approach to 

uantitatively describe the land–sea transport of perylene from the 

asin through the estuary and finally to the coasts that are im- 

acted by anthropogenic activities and coastal currents. Finally, the 
4 C content is a useful geochemical tool for studying the transport 

nd burial of organic pollutants in land–sea interfacial sediments. 

n the future, this approach will contribute to providing more or- 

anic geochemical information regarding multiphase partitioning, 
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